Stunning vs. TID in Multivessel CAD
criteria, 77 patients were excluded: 4 patients with acute myocardial infarction or unstable angina within the month before the study, 19 patients with coronary artery bypass grafts, 25 patients with previous unsuccessful gated SPECT study because of atrial fibrillation or frequent extrasystoles, and 29 patients in whom automatically derived LV volumes could not be measured because of severe perfusion defects or marked tracer uptake in the liver or gallbladder. The remaining 271 patients were therefore included in this study (176 men, 95 women, mean age 69±10 years). Of these, 73 patients had suffered a previous myocardial infarction. The study protocol (No. 1611) was approved by the Ethics Committee of Tokyo Medical University.
Stress Myocardial Perfusion Imaging
Stress myocardial perfusion imaging was performed using the 1-day protocol. Patients were requested not to consume caffeine for 12 h before the test. ATP (0.16 mg · kg -1 · min -1 ) was administered intravenously for 6 min, 5,9-10 and 3 min later, 99 m Tc-sestamibi (259 MBq) was given intravenously. Imaging was started 30 min after tracer administration. After 4 h, the patients were given 99 m Tc-sestamibi (777 MBq) while at rest and 30 min later ECG-gated myocardial SPECT was performed. Data were acquired with a 3-detector gamma camera (Prism 3000XP, Picker, Cleveland, OH, USA) for 360-degree arcs (in 6-degree-wide directions, taking 30 s/direction, 20 times). A low-energy, high-resolution parallel multihole collimator was used. The maximum matrix size was 64×64. When taking the ECG-gated images, the R-R interval was divided by the R wave trigger into 8 equal portions. End-diastolic and endsystolic myocardial perfusion images were thus obtained. 5 All the patients were in sinus rhythm during image acquisition. SPECT images were reconstructed from the data with a data processor (Odyssey VP, Picker) combined with a Butterworth filter (order 8; cutoff frequency 0.25 cycles/pixel) and a ramp filter.
According to a method reported elsewhere, each SPECT image was divided into 20 segments, with segments 1-3, 7-9, 13-14 and 19-20 corresponding to the areas perfused by the left anterior descending coronary artery, segments 4, 10 and 15-16 corresponding to the areas perfused by the right coronary artery, and segments 5-6, 11-12 and 17-18 corresponding to the areas perfused by the left circumflex coronary artery (Figure 1) . 11 The accumulation of radioisotope in the myocardium was visually evaluated by 2 cardiologists, who were blinded to the clinical data, with the use of a 5-grade scale: 0 (normal), 1 (slight reduction of uptake), 2 (moderate reduction of uptake), 3 (severe reduction of uptake) or 4 (absence of radioactive uptake). The totals of the scores for all the segments during ATP loading and at rest were designated the summed stress score (SSS) and summed rest score (SRS), respectively. SSS minus SRS was defined as the summed difference score (SDS). 11 Multi-territorial ischemia was defined when an SDS ≥2 in the individual coronary arterial territory was observed for more than 2 coronary territories. Disagreements in image interpretation were resolved by consensus through extensive discussion among 2 of 3 experts (S.H., H.T., or T.C.), each with more than 10 years' experience in nuclear cardiology.
Each reconstructed short-axis ECG-gated SPECT image was processed using the QGS program developed by Germano et al, to automatically calculate the LV end-diastolic volume (EDV), LV end-systolic volume (ESV) and LV ejection fraction (EF). 12 Changes in LV volume with ATP loading were calculated as EDV after stress minus EDV at rest, or ESV after stress minus ESV at rest. Next, ungated raw data were transferred to another data processor (E Soft-P Workstation, Siemens Medical Solutions, Hoffman Estates, IL, USA) equipped with the QPS automated program (Cedars-Sinai, Los Angeles, CA, USA), which facilitated the automatic measurement of the TID ratio as described previously. 7 In brief, this algorithm estimates 3-dimensional ventricular boundaries from the summed perfusion data, and calculates LV volume. The TID ratio was defined as the ratio of the LV volume at stress divided by the volume at rest.
Coronary Angiography
For all patients, multidirectional coronary angiography using the Judkins' method was performed within 3 months following the scintigraphic study. According to the American Heart Association criteria, 13 the degree of coronary artery stenosis was visually rated using a caliper by 2 experienced interventional cardiologists who were unaware of the clinical and scintigraphic findings. The proximal and mid locations of 3 major coronary arteries were defined by the American Heart Association criteria. 13 The criterion for clinically significant 1-, 2-or 3-vessel CAD was at least ≥75% diameter narrowing of the proximal or mid portion of the 3 major coronary arteries, irrespective of the dominance of each coronary artery. 14 Multivessel CAD was defined as 2-or 3-vessel CAD, or 1-vessel CAD involving a significant stenosis in the left main trunk.
Statistical Analysis
Results are expressed as means ± standard deviation. Student's t-test was used to compare the means of the continuous vari- ables, and categorical variables were analyzed using the chisquare test. Receiver-operating characteristic (ROC) curves were analyzed to determine the optimal cutoff values of the SSS, SDS, TID ratio, and changes in EDV, ESV and EF with stress. To predict multivessel CAD, we performed ROC curve analysis. For these cutoff points, the sensitivity and specificity were calculated using standard formulas. Univariate analysis was conducted with the logistic regression method, and stepwise multivariate analysis was conducted with the multiple logistic regression method. We performed linear discriminant analysis with stepwise variable selection with Wilks' lambda, which is the ratio of the within-groups sum of squares to the total sum of squares, to assess the potential to correctly identify multivessel CAD. A Bayes rule with equal prior probability was used for identification, and results are presented as sensitivity, specificity and accuracy. A P value <0.05 was considered to represent a statistically significant difference. The statistical computations were performed using SPSS 11.0 (SPSS Inc, Chicago, IL, USA) and MedCalc 11.4 (MedCalc Software, Mariakerke, Belgium). Figure 2 . (A) Cutoff points for perfusion parameters to detect multivessel coronary artery disease (CAD). Cutoff points for multivessel CAD were defined as a summed stress score (SSS) ≥14 and a summed difference score (SDS) ≥8. The area under the curve was 0.66 for SSS and 0.70 for SDS. (B) Cutoff points for functional parameters and TID ratio to detect multivessel CAD. Cutoff points for multivessel CAD were defined as an increase in EDV of ≥6 ml, an increase in ESV of ≥5 ml, a decrease in EF of ≥3% and a TID ratio of ≥1.11. The area under the curve was 0.71 for the increase in EDV, 0.84 for the increase in ESV, 0.74 for the decrease in EF and 0.71 for the TID ratio. TID, transient ischemic dilation; EDV, end-diastolic volume; ESV, end-systolic volume; EF, ejection fraction.
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Results
Clinical Characteristics of the Patients
All of the patients underwent coronary angiography: 1-vessel CAD was found in 54 patients, 2-vessel CAD in 90, 3-vessel CAD in 55, and an insignificant lesion in the remaining 72. A total of 16 patients, 2 with 1-vessel CAD, 4 with 2-vessel CAD and 10 with 3-vessel CAD, also had a significant stenosis in the left main trunk. These 16 patients were considered to have multivessel CAD. The prevalence of coronary risk factors, symptoms and medications before the SPECT study were similar in patients with and without multivessel CAD ( Table 1) .
Myocardial Perfusion Analysis and Transient Ischemic Dilation Ratio
In patients with multivessel CAD, SSS, SDS and the TID ratio were greater than in those with 1-vessel CAD or an insignificant lesion, but SRS was similar ( Table 2 ). The prevalence of multi-territorial ischemia was higher in patients with multivessel CAD than in those without ( Table 2) . A total of 9 patients with normal myocardial perfusion images underwent coronary angiography because of either clinically suspected vasospastic angina or as routine angiographic follow-up after percutaneous coronary intervention.
LV Functional Analysis
In the LV volumetric analysis at rest, EDV, ESV and EF were similar between patients with and without multivessel CAD. After ATP loading, compared with the LV volumetric measurements at rest, larger increases in EDV and ESV were observed in patients with multivessel CAD than in those with 1-vessel CAD or an insignificant lesion, but there was a larger decrease in EF ( Table 2) .
Diagnostic Performance of Each Scintigraphic Parameter to Detect Multivessel CAD
To detect multivessel CAD using myocardial perfusion analysis, we applied ROC curve analysis to all of the patients. The cutoff points for severe CAD were ≥14 for SSS and ≥8 for SDS (Figure 2A) . The respective sensitivities, specificities and accuracies in detecting multivessel CAD were 67%, 58% and 63% with SSS, and 69%, 63% and 66% with SDS, respectively ( Table 3 ). In the determining of the cutoff values for the LV volumetric parameters and the TID ratio in detecting multivessel CAD, ROC curve analyses showed that changes in EDV of 6 ml, in ESV of 5 ml, and in EF of 3%, and a TID ratio of 1.11 provided the best diagnostic accuracy ( Figure 2B) . Thus, changes in LV volumes and function were considered significant if a ≥6 ml increase in EDV, a ≥5 ml increase in ESV, or a ≥3% decrease in EF was observed ≥30 min after ATP loading. The respective sensitivities, specificities and accuracies in detecting multivessel CAD were 52%, 77% and 64% with changes in EDV; 78%, 84% and 81% with changes in ESV; 71%, 65% and 68% with changes in EF; and 53%, 78% and 65% with a TID ratio of ≥1.11 (Table 3) . When a reported cutoff value of >1.36 was applied, the sensitivity fell by 4%, with a specificity of 99% and an accuracy of 48%, because of the very small number of patients (7/271) with this abnormal value. 6 Abbreviations see in Table 2 . 
0.64
Prior myocardial infarction 0.9 (0.5-1.5)
0.66
Prior coronary intervention 0.8 (0.5-1.5) Table 2 .
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Multivariate Analysis for the Detection of Multivessel CAD
In detecting multivessel CAD, we performed logistic regression analysis by entering the 7 variables that were related to clinical characteristics, myocardial perfusion, the TID ratio and LV function and which were statistically significant on univariate analysis ( Table 4) . This revealed that the combination of a poststress increase in ESV ≥5 ml and multi-territorial ischemia best identified multivessel CAD, whereas the TID ratio was not shown to be an independent predictor ( Table 4) . Linear discriminant analysis using these 2 independent variables yielded 78% sensitivity, 84% specificity and 81% accuracy (global chi-square=154.8) (Figures 3A,B ). Linear discriminant analysis was then repeated using multi-territorial ischemia only, and showed 77% sensitivity, 55% specificity and 67% accuracy (global chi-square=30.2) (Figures 3A,B) . When the TID ratio was forcibly entered into this statistical model, 77% sensitivity, 55% specificity and 67% accuracy with a global chi-square value of 52.2 were observed (Figures 3A,B) . A typical case is shown in Figure 4 .
To test the potentially confounding effect of a small heart, the analysis was also performed after excluding 53 patients with an ESV <20 ml. Nevertheless, a similar diagnostic performance (79% sensitivity, 80% specificity and 79% accuracy) was observed, with the same combination of an increase in ESV ≥5 ml after ATP loading and multi-territorial ischemia. Likewise, to test the potentially confounding effect of ischemic preconditioning, the analysis was repeated after excluding 117 patients with anginal attack. A similar diagnostic performance (78% sensitivity, 86% specificity and 82% accuracy) was observed, with the same combination of an increase in ESV and multi-territorial ischemia.
In detecting 61 patients with left main and/or 3-vessel CAD, instead of multivessel CAD, we also applied ROC curve analysis to all of the scintigraphic parameters. The respective sensitivities, specificities and accuracies in detecting left main and/or 3-vessel CAD were 77%, 55% and 60% with ≥15 for SSS, and 41%, 77% and 69% with ≥11 for SRS, 67%, 56% and 59% with ≥9 for SDS, 46%, 80% and 72% with post stress increase in EDV ≥9 ml; 74%, 57% and 61% with post stress increase in ESV ≥5 ml; 82%, 42% and 51% with post stress decrease in EF ≥2%; 40%, 77% and 66% with a TID ratio of ≥1.14, and 48%, 71% and 66% with 3-territorial ischemia, respectively. Then, to detect left main and/or 3-vessel CAD, we performed logistic regression analysis by entering the 8 variables that were statistically significant in the univariate analysis. This revealed that the combination of a poststress increase in EDV of ≥9 ml, decrease in EF of ≥2% and a summed stress score of ≥15 best identified left main and/or 3-vessel CAD (global chi-square=46.0), whereas the TID ratio was not an independent predictor, again.
Discussion
We set out to investigate which scintigraphic index is superior for the diagnosis of multivessel CAD. The present study demonstrated that post-ATP loading myocardial stunning as assessed by gated SPECT was superior to TID ratio for detecting multivessel CAD in the 271 patients evaluated by invasive coronary angiography. The best diagnostic marker for multivessel CAD in this study was an ATP-induced increase in ESV of ≥5 ml, a marker for myocardial stunning, followed by multi-territorial ischemia. The diagnostic performance based on these 2 variables showed 78% sensitivity, 84% specificity and 81% accuracy with a global chi-square value of 154.8. These results are consistent with a previous study of ours. 5 However, the TID ratio was not found to be an independent predictor for multivessel CAD. Furthermore, linear discriminant analysis using a forcibly entered TID ratio of ≥1.11 and multi-territorial ischemia revealed a lower diagnostic yield of 77% sensitivity, 55% specificity and 67% accuracy with a global chi-square value of 52.2 ( Figures 3A,B) . The analysis was repeated to identify left main and/or 3-vessel CAD. Cutoff points of summed scores and markers of stunning for this higher-risk subset were different from multivessel CAD because of more extensive myocardial ischemia in the former group. However, the combination of markers of myocardial stunning and perfusion best identified this higher-risk subset. These results underscore the superiority of post-ATP stress myocardial stunning to the TID ratio for detecting either multivessel CAD or left main and/or 3-vessel CAD. To date, TID has been the established scintigraphic marker for severe and extensive CAD. 6-8 However, the results of the current study Figure 4 . SPECT, QPS and coronary angiography images of a patient with 3-vessel disease. Myocardial perfusion and functional analysis of a 62-year-old man. Reversible perfusion defects can be seen in the anteroseptal and inferior-posterior segments, with SSS, SRS, SDS and TID ratio of 20, 3, 17 and 1.01, respectively. After exercise, the EDV, ESV and EF were 121 ml, 46 ml and 62%, while at rest these were 117 ml, 38 ml and 68%, respectively. Volumetric analysis showed that the increase in EDV, the increase in ESV and the decrease in EF were 4 ml, 8 ml and 6%, respectively. Coronary angiography revealed 3-vessel CAD with a severe narrowing of the left anterior descending coronary artery, left circumflex artery and RCA. SPECT, single photon-emission computed tomography; QPS, quantitative perfusion SPECT; CAG, coronary angiography; SSS, summed stress score; SRS, summed rest score; SDS, summed difference score; TID, transient ischemic dilation; EDV, end-diastolic volume; ESV, end-systolic volume; EF, ejection fraction; HLA, horizontal long axis; VLA, vertical long axis; RCA, right coronary artery; LCA, left coronary artery; CAD, coronary artery disease. Stunning vs. TID in Multivessel CAD suggest that it is important to include markers of myocardial stunning into TID measurements for more accurate detection of the high-risk subset of CAD patients.
Since the introduction of TID on stress planar thallium scintigraphy as a marker for severe and extensive CAD, multiple methodologies with different study protocols have been reported. 15- 18 The most widely accepted method at present is the computer-derived automated calculation of LV volume at stress and rest using a standard software package. 7 However, the results reported in several important studies on the diagnostic and prognostic values of the TID ratio were predominantly derived from the separate-acquisition dual isotope, at rest, thallium-201/stress 99 m Tc sestamibi SPECT protocol. 6-8 Accordingly, the cutoff values for severe and extensive CAD have been reported as 1.22-1.36, 6,7 and this range is larger than the result of the present study of 1.11. We derived this cutoff value of 1.11 for a standard protocol with a single 99 m Tc isotope from our own group of patients because a lower radiation exposure compared with dual isotopes was considered important in daily clinical practice. 19, 20 In the dual isotope protocol, the LV wall on a short-axis SPECT image with thallium is thicker than that with 99 m Tc sestamibi. Thus, the calculated resting LV volume on thallium SPECT may become smaller than the volume after stress on 99 m Tc imaging. As a result, the TID ratio, which is derived from LV volume at stress divided by volume at rest, tended to become larger during the dual isotope protocol than during the protocol using a single radiopharmaceutical agent such as 99 m Tc sestamibi or tetrofosmin. 21 Indeed, only 4% of the patients (7/271) fulfilled the reported abnormality of ≥1.36 for severe and extensive CAD 6 in this study, although 147 patients had multivessel CAD and 61 of them had left main and/or 3-vessel CAD.
The diagnosis of multivessel CAD is particularly important because conventional SPECT analysis is known to underestimate this high-risk subset. 22-25 To overcome this diagnostic challenge of balanced ischemia on myocardial SPECT in patients with multivessel CAD, several studies have reported the usefulness of scintigraphic markers such as a diffuse slow washout, lung uptake of a radiotracer and TID. 22-26 Among these, the TID ratio is most widely applied in the clinical setting, as mentioned previously. 6,8, 26 However, a recent study reported the effect of heart rate variation on TID, particularly with pharmacologic protocols, because the contribution of the diastolic or systolic part of a summation of images was affected by heart rate during ungated acquisition. 27 An increased heart rate will produce a "systolic pattern", whereas a decreased heart rate will produce a "diastolic pattern". 27 By contrast, the measurement of LV volume using gated SPECT is free from such effects of heart rate, although the applicability of this method is hampered in arrhythmic patients. Thus, it may be ideal to apply both TID and LV volumetric measurements by ungated and gated data-sets to detecting multivessel CAD.
Study Limitations
There are several limitations that are common to any study using ECG-gated SPECT because the reliability of gated SPECT decreases in patients with atrial fibrillation or frequent extrasystoles, or in those with severe perfusion defects. Therefore, such patients were excluded from the present study, and the current results do not apply to them. A wider patient population may be evaluated by TID with ungated acquisition. Nevertheless, gated SPECT provides not only the changes in volumetric measurements but also EDV, ESV and EF at rest, which have recently been demonstrated in large, outcome studies to be independent predictors for prognosis. 28-30 Thus, measuring ESV, EDV and EF, and the changes induced by ATP provides important diagnostic and prognostic information in the management of patients with known or suspected CAD.
Conclusions
Post-ATP stress myocardial stunning is superior to the TID ratio for detecting multivessel CAD. The results of the current study indicate that it is important to include the markers of myocardial stunning into TID measurements for more accurate detection of the high-risk subset of CAD patients.
